Introduction
Poly(oxymethylene) (POM) is an exceptional material due to its excellent mechanical properties, such as high tensile strength and remarkable impact strength, that result from the high degree of crystallinity. A drawback accompanied with these properties is its insolubility both in organic solvents and water, which complicates processing of POM. The POM homopolymer, also called polyacetal, consists only of repeating carbon-oxygen linkages and therefore is temperature-and acid labile and degrades slowly under the release of formaldehyde. In contrast, the commercially available POM is a copolymer produced by cationic ring-opening polymerization of 1,3,5-trioxane and other cyclic ethers, such as ethylene oxide, 1,3-dioxolane and 1,3-dioxepane. Due to this copolymer structure, greatly improved thermal stability is achieved at the expense of a slightly reduced degree of crystallinity. [1] [2] [3] [4] To the best of our knowledge, organic or aqueous dispersions of POM nanoparticles have not been prepared to date, although this may be highly interesting for handling and processing of POM. Several groups have prepared nanocomposites based on POM and inorganic nanoparticles to ameliorate the properties of POM.
Romero-Ibarra et al. 5 blended POM with BaSO 4 nanoparticles to obtain X-ray opaque materials. The combination with polyhedral oligomeric silsesquioxanes (POSS) resulted in enhanced thermal stability. 6; 7 Due to the flame-retardant and antioxidant properties and its brightness, nanocomposites with TiO 2 nanoparticles led to higher thermal stability. 8 Combination of POM with hydroxyapatite nanoparticles permits the use for bone tissue replacement. [9] [10] [11] Furthermore, hybrid systems based on MoS 2 12-14 , Al 2 O 3 , 15; 16 ZnO, 17; 18 and clay 19; 20 nanoparticles and POM were produced. In this work, polymer nanoparticles based on POM (co)polymers have been prepared. A versatile method for the generation of a variety of nanoparticles is the miniemulsion technique. This technique enables the formation of structured polymeric nanoparticles and the encapsulation of solid or liquid, organic or inorganic or hydrophilic or hydrophobic materials into a polymeric carrier. 21 In a typical oil-in-water miniemulsion, an oil, a hydrophobic agent, an emulsifier and water are homogenized by high shear forces, resulting in homogeneous and monodisperse droplets in the size range of 30 to 500 nm. 22 For particle formation with preformed polymers a combination of the emulsion/solvent evaporation method 23 and the miniemulsion technique can be used. In this case, the droplets consist of a solution of the preformed polymer and after evaporation of the solvent, a polymer dispersion is obtained. [24] [25] [26] Recently reported 28 preformed nonlinear ABA triblock copolymers consisting of a linear POM block and hyperbranched poly(glycerol) (hbPG) blocks are used for the miniemulsion/ solvent evaporation protocol to generate nanoparticles consisting of hbPG-b-POM-bhbPG copolymers. Various degrees of polymerization of hbPG were studied with respect to the hydrophilicity of the resulting polymeric nanoparticles. The particle dispersion was drop-cast and sintered to smooth films onto a silicon surface and investigated via static contact angle measurements. A strong impact of the hbPGsegments on the hydrophilicity of the POM surface was detected. The approach allows facile handling and processing of the highly crystalline and therefore insoluble POM as an alternative to injection molding and extrusion. We demonstrate that sintering results in films that retain the excellent mechanical properties of POM, which is of significant interest for impact resistant surfaces.
Experimental
Instrumentation. 1 For the synthesis of the triblock copolymers, the linear bishydroxyfunctional POM macroinitiator was deprotonated and a solution of glycidol was slowly added with a syringe pump to perform the hypergrafting reactions on both ends. The characterization data of the obtained polymers are summarized in Table 1 .
Preparation of poly(oxymethylene) (POM) and POM-copolymer nanoparticles.
For the preparation of the nanoparticles, 50 mg of the respective POM (co)-polymers were dissolved in 2 g of HFIP at 30 °C in an ultrasonication bath. Separately, 10 mg of the surfactant KLE was dissolved in 10 g cyclohexane at 40 °C in an ultrasonication bath. Both phases were mixed, pre-emulsified mechanically and sonified for 2 min under ice cooling using a ½ inch tip sonifier (5 s pulse, 10 s pause, 70% amplitude). The resulting miniemulsion was stirred for 30 min at 600 rpm in an open vial to evaporate the HFIP. Purification of excess surfactant was achieved by centrifugation of the nanoparticles and redispersion in pure cyclohexane. For redispersion in water, 0.5 g of the nanoparticle dispersion in cyclohexane was added to 10 g of an aqueous solution containing 10 mg of SDS and the two phase system stirred in an open vial for 4 h at 1400 rpm to evaporate the cyclohexane.
Film formation. For film formation, the nanoparticle dispersion in cyclohexane (solid content of 1 wt%) was drop-casted onto a silicon wafer. Heating of the wafer for 10 s to 180 °C resulted in film formation of the POM-particles. To analyze the film consistency and thickness, the wafer was broken in half and investigated via SEM under various angles.
Results and Discussion

Polymer synthesis and characterization
In this work, the established linear POM homopolymer as well as innovative hyperbranched-linear-hyperbranched ABA triblock copolymers based on hbPG and POM were applied for the preparation of aqueous nanoparticle dispersions. As summarized in Table 1 , the polymers mainly consist of POM (89 to 97 mol%) and only a small amount of hbPG (3 to 11 mol%) was attached. By this, the mechanical properties of POM are rarely affected, however, the hypergrafting enabled an adjustable hydrophilicity of the polymers, nanoparticles, and the obtained polymer films.
The ABA triblock copolymers were synthesized via a combination of cationic ring-opening copolymerization (ROP), followed by the multibranching anionic ROP of glycidol. 28 ABA-type nonlinear block copolymers have received increased attention in recent years, due to their high end group functionality based on the combination of a linear with a hyperbranched segment. 29 In the first step, linear bishydroxy-functional poly(oxymethylene) (POM) copolymers were prepared by cationic ring-opening copolymerization of trioxane and 1,3-dioxolane with formic acid as a transfer agent. The resulting formiate end groups were hydrolyzed to obtain the bishydroxy endfunctional POM. This serves as a difunctional macroinitiator for the ensuing hypergrafting reaction of glycidol, resulting in nonlinear ABA triblock copolymers with an adjustable number of hydroxyl groups ( Figure 1 ). 30; 31 To enable a clear differentiation between the linear POM and the hyperbranched block copolymers, the linear POM (consisting of trioxane and dioxolane) will be called POM homopolymer in the following.
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Please do not adjust margins Table 1 shows the characterization data of the polymers used for nanoparticle formation obtained by NMR spectroscopy and SEC as well as their thermal properties determined by DSC. The number-averaged molecular weight of the difunctional macroinitiator ( Figure 1) The molecular weights (determined by NMR) of the resulting nonlinear triblock copolymers vary from 4 000 to 4 800 g mol -1 . SEC measurements ( Figure S2 ) determine apparent molecular weights in the range of 10 000 to 14 600 g mol -1 and moderate polydispersities (M w /M n : 1.82-2.53). Thermal properties were investigated via differential scanning calorimetry (DSC, compare the Supporting Information). The characteristic melting range of POM is detected between 175 °C and 185 °C (only trioxane as a monomer) and around 165 °C for copolymers based on trioxane and dioxolane, strongly dependent on the dioxolane content, while reported glass transition temperatures (T g ) are detected at -82 °C. 32 From the data in Table 1 a melting temperature (T m ) of 164.4 °C was detected for the macroinitiator (1), which is in the expected range. For the triblock copolymers the T m s decrease to values of 157.6 to 159.3 °C. Additionally, a T g is observable that increases from -65.3 to -55.0 °C with increasing hbPG content.For all block copolymers the Tg of the hbPG segments (with a typical T g of ca. -20 °C) is not detectable, probably due to the rather low DP n of the hbPG segments and was reported earlier for other linear-hyperbranched block copolymers.
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Nanoparticle preparation
Controlled solvent evaporation combined with miniemulsion is a facile process to prepare polymer nanoparticles from previously synthesized materials by dissolving them in a good solvent for the polymer and dispersing this solution in a non-solvent. After solvent evaporation, a polymer-nanoparticle dispersion is obtained. For the POM (co)polymers it was necessary to optimize this protocol due to the low solubility of POM in most organic solvents. Fluorinated solvents, such as HFIP can be used to dissolve POM and its copolymers ( Figure 2 ). The POM (co)polymers were dissolved in HFIP and mechanical stirring was used to produce a pre-emulsion of HFIP/polymer droplets in a continuous cyclohexane phase. For stabilization of this emulsion a block copolymer consisting of a poly(ethylene oxide) block with M w ~ 3 600 g mol -1 and a poly(ethylene-co-butylene) block with M w ~ 3 700 g mol -1 was identified as an ideal nonionic surfactant. It is known to be suitable for water-in-cyclohexane (mini)emulsions and we identified it to be suitable also for HFIP-in-cyclohexane emulsions as well. The hydrophilic PEO will be located in the polar HFIP droplet phase, while the P(E/B) block will be mainly present in the apolar phase to sterically stabilize the emulsion and prevent the droplets from coalescence. Sonication of the two-phase system leads to the formation of miniemulsion droplets of HFIP containing the POM homo-and block copolymers. By stirring the miniemulsion in an open vial at room temperature, the good solvent HFIP was evaporated quickly due to the low boiling point of HFIP of ca. 58 °C. After evaporation of HFIP, a nanoparticles dispersion of POM (co)polymers in cyclohexane was obtained, which was stable over a period of several months. The diameter of the POM and hbPG-b-POM-b-hbPG nanoparticles was found to be in the range of 190-250 nm with a standard deviation of ~30% by dynamic light scattering (DLS) ( Table 2 ). In all cases the nanoparticle diameters were similar and no effect of the copolymer composition, i.e. differences between POM and the nonlinear POM block copolymers were observed. Thus, the size of the nanoparticles is independent of the number of hbPG-units at the ends, at least to an extent of in average seven PG-units at each chain end. Additionally, redispersion of the organic nanoparticle dispersion (from cyclohexane) in water was possible using an aqueous sodium dodecylsulfate (SDS) solution (with subsequent dialysis), leading to an aqueous dispersion of POM nanoparticles with variable hydrophilicity. A slight increase of the nanoparticle sizes was found (300-320 nm, standard deviation ~42%, from DLS, cf. Supporting Information Table S1 ), probably due to swelling of the polymers in water.
To compare the sizes of the nanoparticles in solution and in the dried state and to get an insight into the morphology of deposited films from the POM homo-and block copolymers, SEM imaging of all samples was performed ( Figure 3 and Figure S3 ). The diameters determined from the SEM images are similar to the values determined by DLS, however, the average diameter is slightly smaller. As expected, spherical nanoparticles are obtained, however, a perfect spherical shape is not always found, and a slight anisotropy can be observed. A certain anisotropy of the nanoparticles is typical for nanoparticles consisting of polymers with a high degree of crystallinity, such as POM. 34 Additionally, the polyacetal structure of the POM-block makes these nanoparticles also interesting as degradable materials for various applications. The acid catalyzed degradation of the nanoparticles was studied with an aqueous dispersion. To this dispersion hydrochloric or acetic acid was added as a proof of principle and the mixture heated to 80 °C for one hour. In both cases a clear solution was obtained revealing the full degradation of the nanoparticles under acidic conditions. Therefore, different materials like pigments or drugs can be encapsulated and can be released reducing the pH. This opens plenty of new applications in, e.g., industry or medicine.
Film Formation
For film formation, the POM nanoparticle dispersion was dropcasted on a silicon wafer and sintered at elevated temperatures (see experimental section). In order to obtain impact resistant, homogeneous films, the particles have to be heated above their melting temperature (T m ), which is in the range of 158-165 °C (see Table 1 ) for POM and the POM copolymers. The surface of the films formed after annealing to 180 °C for 10 s was investigated via SEM. Figure 4 shows the particles after deposition on the silicon wafer before sintering (top view a, side view b) and after sintering (top view c, side view d). After sintering at 180 °C for 10 seconds a homogenous film is obtained, evidencing the suitability of these nanoparticles for the formation of smooth POM surfaces. The optical micrographs show the silicon wafer coated with hbPG 3 -b-POM 120 -b-hbPG 3 nanoparticles before (e) and after (f) the sintering procedure. The deposited nanoparticles can be seen with the naked eye as an opaque layer before sintering. After the sintering process a transparent and colorless polymer film had been generated that may find application in high resistant coatings for special applications. SEM images of the obtained polymer films after the short sintering procedure are shown in Figure 5 in top and side view. The thickness of the films is in the μm range. The thin films were investigated via static contact angle measurements at the liquid/vapor interface against water to analyze the influence of the hbPG-blocks on the film properties. The contact angles decrease from 67 to 29 ° for increasing hydroxyl groups from 2 to 16. Figure 6 summarizes the contact angle vs. the number of hydroxyl groups of the polymers. A clear trend to lower contact angles with increasing number of hydroxyl groups is observable enabling the adjustment of the polarity and wettability of the surfaces. This adjustability of the hydrophilicity by varying the hbPG-block size and accompanying the number of hydroxyl groups opens manifold possibilities for the use of POM. In combination with the easy handling of the aqueous nanoparticles dispersions, this approach exhibits promising possibilities for POM as a very important engineering plastic, e.g., in shock-proof coatings. 
Conclusions
This work presents a novel approach for facile processing and film formation of the highly insoluble material POM. An organic or aqueous miniemulsion can be used in order to handle POM in the form of nanoparticles. In addition to POM, also amphiphilic nonlinear copolymers with branched oligo-or polyglycerol have been investigated in order to tune the hydrophilicity of the resulting films. Hyperbranched-linearhyperbranched ABA triblock copolymers from hyperbranched polyglycerol (hbPG) and linear poly(oxymethylene) (POM) were synthesized. The combination of the solvent evaporation process with the miniemulsion technique was used to form nanoparticle dispersions in cyclohexane or water. Dispersions of these nanoparticles were coated on a silicon surface and sintering lead to film formation with film thicknesses in the μm range. Contact angle measurements of these films show a strong dependency of the hydrophilicity of the surface on the number of hydroxyl groups in the polymer backbone. These nanoparticles could be used for specialty coatings, where the excellent impact and tensile strength, low friction coefficients, low abrasion and high resistance of POM and the hydrophilicity of hbPG on the other hand may be combined. The hydrophilicity of the films can be tuned and further functionalization is an additional option.
